A time-of-flight mass spectrometer was constructed for use in detecting negatively charged species induced by laser multiphoton ionization. Mass spectra, collected for a variety of compounds, contained several signal peaks. Their flight times were, however, an order of magnitude shorter than the values predicted based on the length of the flight region. To clarify this curious phenomenon, a simple molecule, namely, nitric oxide was measured for calibration of the flight times and for assignment of the signal peaks. A careful investigation led to a possible mechanism, in which the signals do not arise from negative ions but arise from electrons generated at the surface of the repeller electrode by collisions of positive ions that are formed by multiphoton ionization of the analyte in a molecular beam.
Introduction
Mass spectrometry based on laser multiphoton ionization is a sophisticated and advanced technique for the analysis of persistent organic pollutants.
When combined with gas chromatography, it is possible to detect and measure more than several hundred components at the femtogram level. [1] [2] [3] Since chlorinated and nitro aromatic hydrocarbons, such as dioxins and nitropyrenes, have extremely short excited-state lifetimes, it is necessary to use a femtosecond laser, because of its high efficiency of ionization. 1, 3 However, the cost of such lasers is one of the most important issues in laser spectrometry, and the use of a lower-cost laser would be highly desirable in practical applications. For the determination of compounds with a high electron affinity, e.g., nitrobenzene, a laser desorption/ionization mass spectrometry technique was developed for the detection of negative ions. 4, 5 In real samples, numerous interfering organic compounds are usually present, and, as a result, the selectivity must be improved via the use of a separation technique, such as gas chromatography. However, it is difficult to find a source of electrons for generating negative ions to measure the analyte in a molecular beam; the inert gas used as a carrier has a high ionization energy, and there are no other electron sources available, except for the analyte itself. This is in distinct contrast to the ionization of a sample adsorbed on a solid surface using a laser. 4, 5 In this study, we first designed and constructed a mass spectrometer for the detection of negatively charged species for use as a detector in gas chromatography. A series of organic and inorganic compounds, some of which had a high electron affinity, were used as test samples. Although the shapes of the mass spectra were similar to those obtained by monitoring positive ions, the flight times were an order of magnitude shorter than the predicted values, based on the length of the flight region. In order to explain this unexpected result, we collected mass and multiphoton ionization spectra for nitric oxide, one of the simplest molecules providing well-resolved spectral features, to calibrate the flight time and to exclude the possibility that these signals arose from impurities in the sample. We report herein a possible mechanism that explains this curious phenomenon when mass spectrometry is used to monitor negatively charged species.
Experimental

Apparatus
The mass spectrometer used to monitor positive ions has been described in detail elsewhere. [6] [7] [8] [9] [10] A specific quantity (typically 1 μL) of sample was injected into a gas chromatograph (Agilent Technologies, 6890N) using an auto sampler (Agilent Technologies, 7683B) and was separated on an HP-5 capillary column (Agilent Technologies; length, 30 m; i.d., 0.25 mm; film thickness, 0.25 μm). The injection port and transfer line were kept at 290 C. The initial temperature of the gas chromatograph oven was set at 60 C for 2 min and was then increased to 140 C at a rate of 5 C min -1 . To measure nitric oxide, a dye laser pumped by the third harmonic emission of a Nd:YAG laser (Spectra-Physics; Pro-230-10, Sirah CSTR-G-DW-1K, 7 ns, 10 Hz, Coumarin 460 dye) was used. In the case of samples containing mixtures of chlorobenzene and 1,4-dichlorobenzene, the third harmonic emission of a Ti:sapphire laser (Coherent, Libra, 267 nm, 1 kHz, 100 fs) was employed due to the fact that it was available in the laboratory. After passing the laser beam through a pinhole for alignment, it was weakly focused on the analyte in an effusive molecular beam. Negatively charged species induced by multiphoton ionization were accelerated by an assembly of electrodes toward a linear-type time-to-flight mass spectrometer (Hikari Co., HK-1; flight length, 536 mm) and were detected by means of a microchannel plate detector (Hamamatsu, MCP, F4655-11). The repeller was isolated from the ground potential, and a negative potential was applied for the measurement of negatively charged species. A schematic view of an assembly of electrodes and the applied voltages are shown in Fig. 1 . The transient signal, i.e., the mass spectrum, was collected by means of a digital oscilloscope (Tektronix, DPO7104, 1 GHz, 20 GS/s). The data at a specified mass/charge ratio (m/z), i.e., the mass chromatogram, were displayed after recording two-dimensional data for the gas chromatogram/mass spectrum using a digitizer (Agilent Technologies, Acqiris AP240, 1 GHz, 1 GS/s). The data were analyzed and processed with LabVIEW software.
Reagents
A cylinder of nitric oxide was purchased from Sumitomo Seika Chemicals. Chlorobenzene was supplied from Wako Pure Chemical Industries, and 1,4-dichlorobenzene was obtained from Tokyo Chemical Industry. In order to avoid interference from impurities, we used high-purity chemical reagents: nitric oxide (99%), chlorobenzene (99%), and 1,4-dichlorobenzene (99%).
Results and Discussion
Preliminary studies
We collected mass spectra for several compounds, including toluene, nitrobenzene, and ammonia, using a mass spectrometer monitoring negatively charged species. The potentials applied to the electrodes were the reverse of the potentials used when positive ions were monitored using mass spectrometry (see Fig. 1 ). The features of the mass spectra were similar to those obtained in the conventional mass spectrometry monitoring of positive ions. The flight times, however, were an order of magnitude shorter than the values predicted from the length of the flight region. Accordingly, the mass resolution was substantially degraded, making the isotope analysis for assignments difficult. In addition, the signal intensities were several orders of magnitude lower than those obtained by monitoring positive ions. Although these peaks would arise from fragments with multiple charges, ions with fewer numbers of charges were completely missing. Independent researchers repeatedly checked and confirmed the potentials applied to the electrodes of the mass spectrometer and no obvious errors were detected; the results remained essentially unchanged. Due to the high sensitivity and selectivity of the multiphoton ionization mass spectrometer, some contaminants could be observed. Therefore, we cleaned up the mass spectrometer and carefully checked for impurities suspected to be present in the sample. However, none were identified. For this reason, we were puzzled by this curious phenomenon and were unable to solve the problem for a long period of time.
Nitric oxide
In order to examine the operation principle of the present mass spectrometer for monitoring negatively charged species, we collected mass and multiphoton ionization spectra for nitric oxide, one of the simplest diatomic molecules providing wellresolved spectral features. Figure 2 shows the mass spectrum obtained by monitoring either positively or negatively charged species. When a positive ion was monitored, the flight time of the signal was in reasonable agreement with the value calculated from the length of the flight region. An isotope peak, [
15 NO] + , was clearly observed, in addition to a weak peak arising from argon (used as a carrier gas). The ratio of the isotope peaks was in good agreement with the natural abundance of nitrogen and oxygen atoms. However, three peaks were observed when the monitoring involved negatively charged species, and their flight times were much shorter than the data obtained when positive ions were monitored. The first peak appears immediately after the laser pulse. The second peak is too early to be a fragment ion. The third peak has a flight time twice as long as the flight time of peak (2). It should be noted that this peak cannot be assigned to a dimmer of the compound providing peak (2), since, in time-of-flight mass spectrometry, the flight time is not proportional to the mass of the analyte, but is proportional to the square root of the mass of the analyte.
We obtained a multiphoton ionization spectrum by monitoring signals (1) and (2) in Fig. 2(B) ; peak (3) was too weak to accomplish this. The results are shown in Figs. 3(A) and 3(B) , respectively. The results were compared with the spectrum obtained by monitoring a positively charged molecular ion, shown in Fig. 3(C) . These spectra were nearly identical to the 
11,12
This result strongly suggests that signals (1) and (2) in Fig. 2 do not arise from contaminants but are produced as a result of multiphoton ionization of the analyte (nitric oxide).
Possible ionization scheme
To explain this phenomenon, a reasonable ionization scheme is proposed in Fig. 4 . The earliest peak, signal (1) in Fig. 2(B) , arises from the electrons occurring from multiphoton ionization of the analyte molecule, which directly and immediately reach the detector, due to higher velocity of electrons, as shown in Fig. 4(A) . Alternatively, signal (2) in Fig. 2(B) would originate from electrons induced at the surface of the repeller electrode by collisions of positive ions that are formed by multiphoton ionization of the analyte in the molecular beam, as shown in Fig. 4(B) . The proposed scheme explains the detection of negatively charged species (electrons) at a short flight time. In this case, the flight time is mainly determined by the following three parameters: (1) the m/z value of the positive ion, (2) the distance between the ionization region and the repeller, (3) the potential gradient between the repeller and the extraction grid, which is much smaller than the potential gradient between the repeller and the ground grid. This scheme explains the short, but not extremely short flight time, even for a short flight distance for the species providing signal (2). As shown in Fig. 4(C) , the electrons are accelerated toward the flight tube in process (B) and collide with analytes to form positive ions which are subsequently accelerated toward the repeller yielding electrons that are measured as signal (3) . For this reason, the flight time for signal (3) is twice as long as the flight time observed for signal (2) . The signals observed in Fig. 2 can be reasonably explained by the multiphoton ionization of nitric oxide, leading to a multiphoton ionization spectrum with a shape similar to those obtained by monitoring positive ions (see Fig. 3 ).
Chlorobenzenes
A mass spectrum for chlorobenzene and 1,4-dichlorobenzene was obtained using the mass spectrometer monitoring negatively charged species; the results are shown in Figs. 5(A) and 5(B), respectively. Strong peaks, (1) and (7), that appear immediately after a laser pulse can be assigned to electrons that are directly produced from multiphoton ionization, as shown in process (A) in Fig. 4 , which corresponds to signal (1) in Fig. 2(B) . On the other hand, signals (4) and (12) arise from electrons that are formed at the surface of the repeller by collisions of molecular ions that were induced by multiphoton ionization of the analyte. Signals (2) and (3) and (8) - (11) originate from electrons induced by collisions with the fragment ions. In addition, signals (5) and (6) in Fig. 5(A) as well as signal (13) in Fig. 5(B) would occur through process (C) in Fig. 4 . The resolution of the mass spectrum was somewhat poor in comparison with spectra observed in conventional mass spectrometry monitoring positive ions. This undesirable effect can be explained by the short flight distance between the ionization region and the repeller. The signal peaks observed in 
Chromatograms
A sample mixture containing chlorobenzene and 1,4-dichlorobenzene was injected into a gas chromatograph coupled with a mass spectrometer operated in the positive ion monitoring mode. Two signal peaks arising from chlorobenzene and 1,4-dichlorobenzene were observed in the mass chromatogram obtained by monitoring the total ions, as shown in Fig. 6(A) . The earlier peak can be assigned to chlorobenzene, since this peak was strongly enhanced by monitoring the molecular ion of chlorobenzene at m/z = 112, as shown in Fig.  6(B) . The latter weak peak appearing at 6.2 min in Fig. 6(B) is assigned to a fragment ion of 1,4-dichlorobenzene. On the other hand, the latter peak in Fig. 6(A) is strongly enhanced by monitoring at m/z = 146, and corresponds to a molecular ion of 1,4-dichlorobenzene as recognized from the data shown in Fig. 6(C) . The detection limits were 86 and 70 pg for chlorobenzene and 1,4-dichlorobenzene, respectively. Figure 6(D) shows the mass chromatogram obtained by monitoring negatively charged species that appear immediately after the laser pulse. When the electrons that are produced directly from multiphoton ionization were monitored, two peaks corresponding to chlorobenzene and 1,4-dichlorobenzene were observed. The pattern remained essentially unchanged when compared to the data obtained by monitoring the total positive ions, although background signals were increased considerably. This undesirable background increase can be explained by a photoelectric effect arising from the scattered laser light that reaches the microchannel plate detector. This signal could be suppressed by precise optimization of the gate signal fed into a boxcar integrator to isolate the signal of the electrons, due to the slight difference in the arrival times for electrons and photons. Two components of chlorobenzene and 1,4-dichlorobenzene are clearly observed in the mass chromatograms obtained by monitoring the molecular ions in Figs. 6(E) and 6(F), respectively. The amount of sample injected into the gas chromatograph was 1 μg, which was 10 times larger than the (1) - (13) are described in the text. (1) and (7), (E) signal (4), and (F) signal (12) amount acceptable for analyte separation using a narrow capillary column. This explains why leading peaks are observed in the mass chromatograms shown in Figs. 6(D) -6(F). The detection limits were 47 and 59 ng for chlorobenzene and 1,4-dichlorobenzene, respectively. The detection limits when negatively charged species are monitored are three orders of magnitude poorer than those obtained by monitoring positive ions. This unfavorable result can be explained by indirect and multiple-step processes for the generation of negatively charged species of electrons.
Although the GC/MPI/TOF-MS instrument used to monitor negatively charged species does not have a distinct advantage over an instrument monitoring positive ions at the present stage, the results obtained here provide several suggestions for some approaches that could be useful for developing a new type of analytical instrument. For example, photoelectron spectroscopy can be conducted using a variety of laser sources, even using a sample mixture containing numerous analytes at sub-μg levels based on process (A) in Fig. 4 . This technique for measuring the excess energy of electrons could be further applied to a device for the measurement of attosecond laser pulse widths. 13 In addition, it would be possible to ionize an analyte molecule using electrons generated by a laser pulse, as shown in Fig. 4(C) . In this case, two types of ionization can be studied using a single analytical system, allowing multiphoton ionization to be compared with electron ionization (EI) having a different operation principle.
Conclusion
We constructed a mass spectrometer for the monitoring of negatively charged species and for use as a detector in gas chromatography. In contrast to the multiphoton ionization of an analyte adsorbed on a solid material (a repeller), no negatively charged ions were observed, probably due to lack of a source for electrons for ionization. However, we accidentally found a curious phenomenon, in which positive ions induced by multiphoton ionization were accelerated to the repeller and electrons were generated by collisions with the metal surface. The electrons were accelerated toward the flight tube and were measured using a microchannel plate detector, providing a mass spectrum similar to that observed by monitoring positive ions. The electrons further ionized the analyte in a molecular beam and induced the production of positive ions which subsequently generated the electrons that subsequently reached the detector. This unexpected phenomenon could lead to a variety of analytical techniques, e.g., mass spectrometry using different ionization sources using a single system.
